Heavy metals are not only hazardous to environment and public health, but they degrade the physicochemical and biological properties of soils increasing difficulty to the redevelopment of contaminated sites. is study proposes a method for reinforcing contaminated soils with fiber and cement. e feasibility of using wheat straw as fiber reinforcement is discussed. e strength of heavy metal-contaminated soil reinforced with wheat straw and cement is investigated through laboratory testing. Twelve groups of soil samples were prepared at three fiber contents (i.e., 0.1%, 0.2%, and 0.3% by weight), three water contents (i.e., 9%, 12%, and 15%), and three cement contents (i.e., 5%, 7.5%, and 10% by weight). Unconfined compression strength (UCS) was tested after 28 days of curing period and various freeze-thaw cycles. e testing results show that the increase in the number of freeze-thaw cycles results in the decrease of UCS. e inclusion of fiber reinforcement within cemented soil causes an increase in the UCS and changes the brittle behavior of cemented soil to a more ductile one. e UCS of the fiber-reinforced soils first increases, then decreases with the increase of water content, and reaches the maximum value at the optimum moisture content.
Introduction
With rapid industrialization, soil contamination by heavy metals has become one of the main global environmental problems [1] [2] [3] [4] [5] . Heavy metals in soil are highly toxic, persistent, and nonbiodegradable, which will impair the natural ecosystem services and eventually damage human health via the food chain [6] [7] [8] [9] [10] . Furthermore, heavy metals have adverse effects on the mechanical properties of soils, which results in unfavorable conditions for the redevelopment of contaminated sites [11] . Solidification/ stabilization (S/S) is an effective and economical method to heavy metal-contaminated soil treatment and has attracted increasing attention in the past decades [12, 13] . S/ S technology according to different disposal locations can be divided into in situ and ex situ. Ordinary Portland cement, as a common binder utilized in S/S remediation, encapsulates heavy metal ions in a monolithic solid of high structural integrity to reduce further mobility of heavy metal ions [11, 12] . Du et al. evaluated the environmental characteristics of cement-solidified heavy metal-contaminated soil by using the finite element model. e results found that heavy metals leaching concentration is less than the maximum allowable value after the cement-solidified soil as foundation material served 50 years [14] . More importantly, cementsolidified soils have a certain strength and can be used as the bearing material for shallow foundations and base for roadway or railway embankments [11] .
Previous studies show that the presence of heavy metals in soils creates a retardant effect on the hydration reaction of cement-based binders [15] . Because the quantity of hydration products (e.g., calcium-silicate-hydrate (C-S-H) gels) in cement-solidified soils is positively correlated with the strength, the retarded formation of hydration products caused by heavy metals leads to a lower strength and modulus [16] . Buj et al. found that the presence of high concentrations of heavy metals noticeably impacted the strength of cemented soil matrix by creating defects at crystalline matrices [17] . Based on the measured unconfined compressive strength (UCS) of soil samples at different heavy metal concentrations, Du et al. found that the UCS of stabilized Zn-contaminated soils decreased slightly as Zn concentration increased [18] . When exposed to certain longterm external conditions such as freeze-thaw cycling, cracks occur easily in the cement-solidified mixture and the UCS decreases with alternative cycles [19] . Previous studies showed that the initial cracking and subsequent frost lens formation increased the potential to damage of the soilcement materials [20] . Lake et al. showed that the specimens exposed to freeze-and-thaw conditions were more prone to cracking because the freezing generates excess pressure exceeding the tensile strength of the material [21] .
Fiber reinforcement increases the modulus and inhibits cracking of soils. It serves as an effective method to treat cement-solidified heavy metal-contaminated soils. Wheat straw, the residue after wheat harvest, is produced in large quantities worldwide [22] . As a large agricultural country, the annual output of straw in China is about 7 million tons, accounting for about 20∼30% of the total amount in the world [23] . Currently, the direct open burning is a major way to destroy the straw in China. e particulate matter and gaseous pollutants released during straw burning create a serious negative effect on the atmospheric environment, climate change, and ecological system [24, 25] . In China, straw open burning may lead to closing of highways and flight delay [26] . e application of agricultural crop residues may open new markets for wheat straw and improve the rural agricultural economy [27] . In this paper, wheat straw and cement were chosen as reinforcing element and solidified material, respectively. Cement seals wheat fibers in a dense matrix to increase strength and durability, and wheat fibers change the brittleness of the cemented soil to a more ductile one. e influence of cement content, water content, quantity of fibers, and alternative cycles of freeze-thaw is evaluated in terms of the compressive strength and failure strain.
Materials and Methods

Materials.
To avoid the adverse effects of material in homogeneity on the strength and deformation properties of natural soils, laboratory-made sand-clay mixtures were used for testing. e synthetic soil consisted of 70% sand and 30% kaolin and can be classified as sandy loam texture according to the Classification and Codes for Chinese Soil (GB/T 17296-2000). A maximum dry density of 1.88 g/cm 3 and a optimum water content of 12% were determined by the compaction tests based on Standard for Soil Test Method (GB/T 50123-1999). Clay is commercial kaolin which was sampled from Suzhou Kaolin Co. Ltd., China. Commercial sand with a mean diameter of approximately 1.0 mm was collected from Shengfa Building Materials Co. Ltd., China. As a solidified material, the commercially available Portland cement (i.e., PG325) was purchased from the cement plant in Anhui, China. e cement mainly consists of 6 ∼ 15% active additive and 85∼94% cement. e physical properties and chemical composition of the soil and cement are summarized in Table 1 . Prior to use, the soil and cement were dried in an oven at a temperature of 105°C for at least 24 hours (101-A, Leao, China) and sieved (1 mm for soils; 0.3 mm for cement) to remove impurities. e chemical, lead nitrate, Pb(NO 3 ) 2 (analytical reagent), was obtained from Suzhou Experiment Instrument Co. Ltd., China. e water used was deionized water (DIW), prepared from tap water via distillation (RFD240NA, Advantec, Japan).
Local wheat straw fibers were used as the reinforcement material. Agroresidues were obtained from local farms and homogenized carefully. e wheat straw is composed (on a mass basis) of 57 ± 10% internodes, 18 ± 3% leaves, 10 ± 2% nodes, 9 ± 4% chaff, and 6 ± 2% rachis [28] .
e stem of wheat straw was selected, cleaned, and grouped for pretreatment. e pretreatment process of wheat straw is shown in Figure 1 . e wheat straw fibers were dried at the temperature of 65°C [29] . After drying, they were cleaned and the leaves, spikes, sheaths, and fragments were removed. e samples were then collected for microstructure observations using a scanning electron microscope (SEM) (S-4700, Hitachi, Japan). A homogenous group of wheat fibers with approximately equal diameter was selected and chopped into the required length using a grain straw shredder (YB-1000A, Sufeng Industrial, China), operating at 25,000 rpm and equipped with a 200 mm replaceable blade.
e wheat straw fibers were kept in sealing bags for storage at room temperature. e straw fibers after milling were about 10∼20 mm in length and 2∼3 mm in diameter.
e fiber compositions of the wheat straw fibers are celluloses, lignin, and hemicelluloses, and the total inorganic content is about 15% [29] .
Experimental Program.
As Pb was commonly encountered in contaminated sites worldwide, especially in China, it was selected as the target heavy metal in this work [30] . To reach the target concentration of Pb(II) (1 mg/g and 10 mg/g), a certain dose of Pb(NO 3 ) 2 was dissolved in a small amount of DIW and was then poured into the dry synthetic soil. Unreinforced samples and wheat straw fiber-reinforced samples were homogenized with the cement at three different cement/soil ratios (5%, 7.5%, and 10%) after blending for 2∼3 min in a blender. Simultaneously, the exact amount of DIW was weighted and slowly poured into the mixture to prevent fiber segregation during sample formation. e water content of the three specimens was 9%, 12%, and 15%, respectively. Wheat straw fibers were applied as a reinforcement material at the percentage of 0.1, 0.2, and 0.3 by weight of soil. e mixing process for the soil, water, cement, and fibers was stopped when the fibers were evenly distributed and randomly oriented throughout the soil. After mixing, the mixture was shaped in a mold with a length of 100 mm and an inner diameter of 50 mm with full compaction. To ensure uniformity, the samples were compacted in five layers. e height of each layer was approximately 1/5 of the specimen height. A rammer was dropped 12 times from a height of 200 mm on each layer of the specimen. After that, the mixtures were demolded and cured (90 ± 2% humidity; 20 ± 2°C) for 28 days in a curing box (HBY-15B, Donghua, China). Table 2 provides the details of the different water, cement, and fiber content of the mixtures. ree replicates were analyzed for each set of testing. During freezing and thawing, the specimens were placed into a refrigerator at −10°C for 6 hrs and then at +10°C for thawing phase for 6 hrs as suggested by Qi et al. [31] . Observation during testing shows that, after the six-hour freezing or thawing, the specimen height keep virtually remains constant. e unreinforced samples were subjected to 0, 3, 6, and 9 freeze-thaw cycles, and the wheat straw fiber-reinforced samples were subjected to 9 freeze-thaw cycles. e UCS of the unreinforced and wheat straw fiber-reinforced soil samples was tested as per ASTM D 2166-91 using a microcomputer-controlled electronic testing machine (LDS-50, Chenda, China) with a strain rate of 1 mm/min. e testing machine (MTS 10/GL) has a loading capacity of 50 kN, as referenced to the study of Koohestani et al. [32] . e loads were recorded at the point of sample fracturing, and the UCS was determined using the formula P � F/A, where P is the compressive strength (MPa), F is the load (N) at fracture, and A is the area of loading cross section (mm 2 ). All the tests were replicated, and the average values were reported.
Results and Discussion
Results.
It is well documented that the USC and failure strain of cement-based samples can reflect directly the degree of deterioration caused by freeze-thaw attacks. Figure 2 shows the variation of the UCS of the cement-based solidification samples under different freeze-thaw cycles. Figure 3 shows the variation of the failure strain of the samples subjected to different freeze-thaw cycles. As seen in Figure 2 , the maximum UCS is achieved with the specimens free from freeze-thaw cycles. e UCS decreased with alternative cycles. Figure 2(a) shows that the largest strength reduction was about 56.1% that occurred after the 9th cycle. According to Mehta and Monteiro, the pores in hardened cement paste can be divided into three main groups according to their form and size: capillary, gel, and air pores [33] . During the freezing and thawing processes, water firstly enters the biggest pores of hardened cement paste and subsequently reaches the smaller pores. According to Everett, ice crystals in the pores tend to grow continuously and penetrate deeper into smaller pores of the hardened cement paste and thus fill capillary pores with water or freezing solution [34] . When water or freezing solution freezes, the volume of water stored in micropores increases by 9%, the hardened cement paste generates internal stresses, and finally crumbles [35, 36] .
Cement treatment strengthens the fabric of clays at the intercluster spacing and forms strong bonds with the fabric. According to Kalliopi, the destructive effect during freezing depends on the content of water in hardened cement paste [37] . Figure 2(a) shows that the UCS of the samples increased when the water content increased from 9% to 12% but decreased when the water content increased from 12% to 15%, indicating that there is a threshold value of water content beyond which the UCS decreases with increasing water content. is is because that, with high water content, the cohesive force of the soil subject to freeze-thaw cycles is lower than that before freeze-thaw cycles. e growth of ice crystals destroys the connection between soil particles and the structure of products of hydration.
e effects of freeze-thaw cycles on the UCS varied depending on the cement percentage added to the specimens. Figure 2(b) shows that the UCS increased with the increase of cement content after 9 freeze-thaw cycles. e UCS of the unreinforced samples with 5%, 7.5%, and 10% cement were 0.06, 0.26 and 0.44 MPa, respectively. e increase in strength reflected the ongoing hydration reaction during which the strong adhesive products (e.g., C-H-S gels) were generated to provide high bearing capacity against loading [38] . Figure 3(b) shows the ductility of the samples decreased with the increase of cement content. After 9 freeze-thaw cycles, the failure strain of the mixtures with 5%, 7.5%, and 10% cement was 0.7%, 0.63%, and 0.57%, respectively. Figure 2 further shows that the concentration of heavy metal had a significant impact on the strength of cement stabilized soil. For the 12% water + 7.5% cement samples, the increase of the Pb(II) concentration from 1 mg/g (0.1%, Figure 2 (a)) to 10 mg/g (1%, Figure 2 (b)) resulted in a decrease of the UCS by 71.9%, 83.3%, 87.4%, and 86.2%, respectively, after subjecting to 0, 3, 6, and 9 freeze-thaw cycles, respectively.
is is because the presence of Pb(II) has a negative effect on the hydration reaction of cement and hinders the hydration reaction of cement.
Figures 4 and 5 plot the UCS and the failure strain of wheat straw-reinforced samples with various fiber percentages subjecting to 9 freeze-thaw cycles, respectively. ese figures show that the addition of wheat straw increased the UCS of soil and restrained the deformation of the samples. As shown in Figure 4(b) , the maximum values of UCS observed in 0.1% fiber with 5%, 7.5%, and 10% cement content were 1.47, 1.59, and 2.9 MPa, respectively, which were 24.5, 6.1, and 6.6 times higher than that of unreinforced samples. Figure 4 (a) shows that, with the increase of the fiber content, the UCS increased first, reached the maximum value when the fiber content was 0.1%, and then reduced. Figure 4 (a) also shows that, with the increase of the water content, the UCS increased when the water content was relatively low (e.g., 9% and 12%). When the water content was relatively high (e.g., 15%), the UCS kept virtually constant or decreased, depending on the fiber content. Taking 0.2% fiber as an example, the UCS of the reinforced soil with 9, 12, and 15% water content was 3.25, 5.18, and 3.45 MPa, respectively. e failure strains obtained from the unconfined compression tests are given in Figure 5 . e comparison with the Figure 5 (a), the failure strain of three different cement content samples with 0.1% fiber is 0.33 (5% cement), 0.31 (7.5% cement), and 0.43% (10% cement), respectively. Compared with unreinforced samples, the failure strains of cement-fiber samples reduce by 52.9%, 50.8%, and 24.6%. As such, the fibers incorporated into cement-based material increase the deformation resistance of the samples by inhibiting the crack generation with the samples.
Mechanism.
e test results in this study suggest that the strength and deformation behaviors of cemented soil reinforced by wheat straw were considerably affected by fiber content, cement content, and water content. e integrality and strength of reinforced soil can be enhanced by inclusion of randomly distributed wheat straw, and the deformation can be restrained. It is generally agreed that reinforcement plays an important role in the development of UCS. e distributed discrete fibers act as a spatial three-dimensional network to interlock soil grains, help grains to form a unitary coherent matrix, and restrict the displacement. Consequently, the stretching resistance between clay particles and strength was improved. As a natural fiber material, wheat straw has tensile strength which makes it suitable for soil reinforcement [39] . Because of the interfacial force, the fibers in the matrix are difficult to slide and can acquire tensile stress, as the schematic diagram shown in Figure 6 . When the specimens are under tension, the "bridge" effect of the fibers, as shown in Figure 7 , can efficiently impede further development of tensile cracks and deformation of the soil. As a result, the fiber-reinforced soil demonstrated a more ductile behavior. Several studies indicated that the fiber sliding resistance was strongly dependent on the fiber surface roughness [40] [41] [42] . As the fibers were mixed and the samples were compacted, the hard particles (such as sands) of mixtures impacted and abraded the fiber surface, causing plastic deformation and even removal of part of the surface layer.
e pits and grooves formed on the fiber surface constituted an interlock and improved the interactions between fiber surface and soil matrix. e SEM observations on the surface of wheat straw, as presented in Figure 8 , show that the wheat straw surface was covered by pits and grooves. e addition of wheat straw fiber leads to a significant increase in UCS of the soil samples, and there is an optimum wheat fiber content at which the UCS reaches maximum according to 9% water + 7.5% cement 12% water + 7.5% cement 15% water + 7.5% cement Advances in Materials Science and Engineering the study Qu and Sun; if the fiber content exceeds the optimum content, fiber overlapping may occur [43] . e frictional resistance between fibers is smaller than that between soil particle and fiber. In this case, increasing fiber content will lower the strength of reinforced soil. Prabhakara and Sridhar also come to the similar conclusion. is is the reason for the reduction of UCS after 0.1% fiber content [44] .
It should be noted that wheat straw fibers are very easily affected by the presence of salts in soils, biological degradation, and ultraviolet degradation. Only when the wheat straw fibers are wrapped up to block its direct contact with water and air, they may be spared from the environmental degradation [45] . According to Tang et al., the fiber surface is attached by hydrated products of the cement [46] . It is known that the by-products of the cement possess higher strength and cementation than that of the clay grains.
erefore, the strength of fiber-reinforced cemented soil increases with increasing cement content. Network-like hydration crystals were wrapped around the fiber tightly that effectively restricted the fiber's relative movement and increased the reinforcement benefit significantly. e high degree of stiffness of the attached hydration crystals also toughened the distributed fibers, which act similarly to plant roots in distributing the stresses in a broader area and inhibiting fissure propagation. erefore, the combined fiber and cement inclusions increase the efficiency of transfer of the load from matrix to fibers. Furthermore, the hydration of the cement binds soil particles together and makes the matrix more compacted, causing an increase in normal stress around the fiber body and the effective contact area. Tagnit-Hamou et al. considered that, during cement hydration, the exothermic effect causes localized damage to the surface of the fibers [41] . e hardness of the superficial layer decreases and allows the insertion of crystals. Meanwhile, during mixing, filler grains cause grooves and stripping. Fiber roughness increases and allows a better adherence to the paste which results in the static friction coefficient between fiber and composite matrix increased [41, 46] .
With the increase of water content, the UCS of fiberreinforced samples first increases and then decreases. is phenomenon indicates that the moisture content has a significant impact on the UCS of wheat straw-reinforced soil. Only when the water content of reinforced soil reaches a certain value can wheat straw produce the best result. e low water content will lead to the drying of the soil, and the deformation of the reinforcement and the soil cannot be coordinated. According to Huang et al., the cohesive function between hydrated film and soil particles will gradually increase with the increase of water content when the water content is less than the optimum moisture content [47, 48] . e increase of cohesive force improves the friction between wheat straw and soil so that the tensile properties of straw are fully reflected, resulting in an increase of the UCS. However, with the increase of water content, the hydrated film around soil grains thickens, improving the lubrication between the reinforcement and soil grains. Furthermore, when the hydrated film in the contact of soil particles is squeezed, the bounded water becomes free water and reduces the cohesive force of soil.
Conclusions
In this paper, a series of experiments were conducted to evaluate the effects of randomly distributed short wheat straw fiber reinforcement on the strength behavior of cemented soils. e effect of wheat straw fiber and cement inclusions on UCS, failure strain, and elastic modulus of heavy metal-contaminated soil specimens was determined. According to the testing results, the mechanical properties of reinforced soil change with increasing the fiber content until an optimum content at which the UCS of the reinforced soil reaches maximum. e optimum fiber content is found to be 0.1% in the current tests.
e addition of fibers can effectively prevent the damage caused by freeze-thaw cycles to the soils. e "bridge" effect of wheat straw can efficiently impede the further development of tensile cracks and deformation of the soil. Increasing cement content could increase the UCS and decrease the failure strains of fiber-reinforced cemented soil. e by-products of the cement possess higher strength and cementation than those of the clay grains. In fiber-reinforced cemented soil, the interactions between the fiber surface and the hydrated products play a major role on the strength characteristic. On account of above findings, it is recommended that, in cold climates, where soil is affected by freeze-thaw cycles, wheat fibers can be applied in the field of geotechnical engineering from an environmental point of view. 
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